• Open chromatin regions are highly enriched for cis-regulatory elements in ascidian early embryos.
INTRODUCTION
Development and morphogenesis are precisely orchestrated by complex Gene Regulatory Networks.
These networks combine transcription factors, and the cis-regulatory sequences to which they bind to control gene expression. Morphological change during evolution is frequently caused by variations in the transcriptional programme, and in particular in cis-regulatory sequences (Stern and Orgogozo, 2008 ).
The converse is, however, not always true. There are examples of divergent gene regulatory networks producing very similar phenotypic outputs, a scenario referred to as Developmental Systems Drift or DSD (True and Haag, 2001) , exemplified by vulva specification in nematodes (Félix and Barkoulas, 2012; Sommer, 2012) or heart morphogenesis in ascidians (Stolfi et al., 2014) . Our understanding of the complex relationships between genotype and phenotype currently remains too fragmentary to predict the phenotypic outcome of a regulatory mutation.
Ascidians are marine invertebrate chordates belonging to the vertebrate sister group, the tunicates (Lemaire, 2011) . Like vertebrates, their embryos develop through a tadpole larval stage. Unlike vertebrates, however, ascidian embryonic development is highly stereotyped, and proceeds with invariant cell lineages. Each cell can be individually named and found across all embryos of a given species and the number, names and location of its progeny is also precisely defined (Conklin, 1905; Nishida, 1987; Guignard et al., 2018) . Strikingly, even distantly related species, which diverged more than 300 million years ago share very similar or identical cell lineages. This provides a rigorous framework to compare, with cellular resolution, the evolution of developmental programmes between distantly related species.
In light of this exceptional morphogenetic conservation, ascidian genomes are surprisingly divergent (Tsagkogeorga et al., 2012; Stolfi et al., 2014; Brozovic et al., 2018) . Both coding and non-coding sequences evolve rapidly within the group. As a result, while non-coding sequence conservation within a genus (e. g. between Ciona robusta and Ciona savignyi, or between Phallusia mammillata and Phallusia fumigata) can be used as hallmark of functional importance, non-coding sequences across genera cannot be aligned. In addition, gene orders are frequently scrambled along chromosomes and even highly conserved gene clusters, such as the Hox cluster, are exploded (Duboule, 2007) . Ascidians thus constitute a very interesting taxon to study DSD.
Cis-regulatory sequences are short (<1kb) non-coding DNA segments, which act as binding platforms for transcription factors, and control gene expression (Yáñez-Cuna et al., 2013) . These sequences are so divergent between distant ascidian species that the sequences of homologous elements can generally not be aligned anymore (Oda-Ishii et al., 2005; Roure et al., 2014; Stolfi et al., 2014) . In some cases, highly divergent regulatory sequences have retained the ability to respond to the same transcription factor combination (Oda-Ishii et al., 2005; Roure et al., 2014) , the accumulation of cis-regulatory mutations thus leaving the GRN architecture intact. In other cases, however, GRN architecture have changed sufficiently for functional cis-regulatory sequences from one species to become "unintelligible" to another species Stolfi et al., 2014; Takahashi et al., 1999) . The conservation of the function of cisregulatory sequences between distantly related ascidians has been assayed in too few cases to estimate the relative frequency of conservation vs divergence of cis-regulatory activity. The relative contributions of local TF binding site turn over versus more global GRN rewiring between ascidian species also remains unknown.
In this study, we first used ATAC-seq (Buenrostro et al., 2013) to characterize the temporal patterns of chromatin accessibility in two distant phlebobranch species that diverged around 270 million years ago ( Figure 1A ) , Phallusia mammillata and Ciona robusta. We then used this dataset to identify in both species the early embryonic cis-regulatory sequences controlling the expression of ten orthologous pairs of regulatory genes. These analyses brought to light a surprising level of conservation Tolloid KH.C12.156 Cirobu.g00002684 S14.g00600 Phmamm.g00000600
In situ hybridisation
Wholemount in situ hybridisation was performed as previously described (Christiaen et al., 2009b) . Diglabelled probes for Phallusia mammillata were synthesised from the following cDNAs: Otx The Phallusia Nodal and Eph1 probes were generated by PCR from cDNA using the following primers (As in Fiuza et al., 2018) : Nodal, Forward: 5'-CTATGGATATGACACAAGTATCGTTCTGC-3', Reverse: 5'-GATCCTAATACGACTCACTATAGGGTTATCGACATCCACATTCT-3'; Eph1, Forward: 5'-CCAACGTTGCGACTCCACTTTCACC-3', Reverse: 5'-ACGATAATACGACTCACTATAGGGGTCTTGGTTAGACATCTCCCAG-3'.
ATAC-seq assays
ATAC-seq assays were carried out essentially as described (Buenrostro et al., 2013) stage: 12 µl, 112-cell stage: 7 µl, late gastrula: 7 µl and mid neurula: 7 µl). The non-stick 1,5ml microtubes containing the embryos were immediately placed in a microcentrifuge at 4 ºC and the embryos pelleted by spinning at 500 g for 5 min. The supernatant was carefully removed and the pellet was resuspended in 100 µl of lysis buffer, followed by about 3 minutes of vigorous pipetting. We then transferred 50 µl, 20 µl, and 10 µl of the lysate into new tubes that were centrifuged at 500 g 10 min at 4 ºC. Meanwhile, we used the remaining 20 µl of lysate to count the nuclei using DAPI with the help of a Neubauer or Malassez chamber. This precise calculation was used to select the appropriate combination of the different aliquots (50 µl, 20 µl, 10 µl) corresponding to 50,000-90,000 nuclei. The lysis buffer was removed from all selected aliquots and the pellet(s) of nuclei were gently resuspended in 50 µl of transposition reaction mix (Nextera DNA library prep kit, Illumina, FC-121-1030) . If more than one aliquot were needed to reach the appropriate cell number, they were pooled in a final volume of 50 µl of mix. The transposition reaction was incubated for 30 min at 37 °C. Immediately after transposition, we purified DNA with the Qiagen MinElute Kit (Qiagen, 28004) following the manufacturer's instructions. Purified DNA can be stored at -20°C or immediately processed to generate the ATAC-seq library. To generate the ATAC-seq library, each sample was subjected to 15 cycles of PCR amplification using the primers and conditions described in Supp. Table 1 of (Buenrostro et al., 2013) . We then purified the amplified library using Qiagen MinElute Kit (Qiagen, 28004) and determined its concentration with the Qubit dsDNA BR Assay Kit (Molecular Probes #Q32850) according to the manufacturer's instructions. A minimum concentration of 30 ng/mL is preferred for NGS. The quality of the amplified library was determined by running an aliquot on a 2% agarose gel. A smear covering 200 bp to 1 kb should be observed. Depending on the quality of the samples, bands corresponding to mono-(200 bp) and di-nucleosomes (400 bp) were observed. Libraries were stored at -20°C. Sequencing was done using an Illumina HiSeq4000 sequencer (BGI) and approximately 20 million paired 100b sequence reads were obtained per sample.
ATAC-seq sequence pre-processing, alignment and peak calling
Illumina adapters were trimmed with Cutadapt (Martin, 2011) . Alignment on the Phallusia mammillata and Ciona robusta genomes was performed with bowtie2, (very-sensitive parameter) (Langmead and Salzberg, 2012) . Although our Ciona dataset came for Ciona intestinalis animals, the very poor quality of the Ciona intestinalis genome assembly (Brozovic et al., 2016) led us to align these sequences onto the closely related Ciona robusta genome. In both Phallusia and Ciona, only a minority of sequences aligned to the nuclear genome (Ciona ~30%; Phallusia ~17%). Significant Peaks were extracted with MACS2 (Zhang et al., 2008) with the following parameters for Phallusia mammillata: gsize=187138625 (genome size = genome mappable size excluding repeated sequences) --nomodel -f BAMPE -q 0.01; for Ciona:
gsize= 99000000 --nomodel -f BAMPE -q 0.01. Ciona and Phallusia raw ATAC-seq sequences were submitted to the Short Read Archive (Bioproject IDs PRJNA474983 and PRJNA474750, respectively).
Peaks and short read coverage normalized per million of aligned reads can be seen on the Ciona robusta and Phallusia mammillata ANISEED WashU genome browser (in the "whole-organism epigenomics data" public track Hubs).
Construction of a reference peak dataset for each species.
To compare chromatin accessibility between experimental conditions and developmental stages, we constructed a reference set of non-coding non-overlapping ATAC-seq peaks for each species. We started from MACS-called peaks for each biological sample and excluded peaks overlapping exonic sequences. A chromatin accessibility score for each reference peak was defined by allocating for each condition the sum of the depth of normalized ATAC-seq sequence coverage over all peak bases (all accessibility score values below 1 were considered unreliable and arbitrarily set to 1 to calculate fold changes). This score was used to select for each condition the peaks found in the top 2/3 of this accessibility score distribution (Phallusia: ATAC score >500; Ciona: ATAC score >300), thereby excluding smaller peaks more influenced by experimental noise.
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We then associated to each peak the gene, whose 5'-most transcript model was closest to the centre of the ATAC-seq peak, a procedure which manual examination of more than 100 peaks revealed as accurate in more than 80% of cases, the majority of errors coming from unsatisfactory gene models (truncated or missed genes). The Ciona and Phallusia reference peak sets were associated to 6644 and 7577 coding genes respectively, and we recorded the position of the peak with respect to the gene body. Peaks were sorted into 5 categories: intronic and intergenic <1kb, 1-2kb, 2-5kb, >5kb from the start of the most 5'-extending transcript model. Expression data, normalized as fpkm were downloaded from ANISEED. All fpkm values below 1 were considered unreliable and arbitrarily set to 1 for the calculation of foldchanges.
Gateway cloning and electroporation of the regulatory sequences
Constructs to test the activity of candidate regulatory sequences from both species were generated by Gateway cloning into the pSP1.72.RfB::NLS-LacZ destination vector (Lamy et al., 2006) , or into a modified version, in which the Foxa.a minimal promoter from Ciona robusta (ANISEED ID: REG00001035) was placed upstream of NLS-LacZ to generate pSP1.72.RfB.pFoxa.a::NLS-LacZ, or into pSP1.72.RfB.pFog::NLSLacZ as indicated in Table S3 . The primers for each of the tested sequences, the ANISEED IDs of their constructs and their spatio-temporal patterns of transcriptional activity and reference in the ANISEED database are listed in Tables S3 and S4 . The genomic DNA used to amplify by PCR the genomic fragments from Ciona robusta was a kind gift from Dr. A. Spagnuolo (Naples). Phallusia mammillata genomic DNA was extracted from animals collected in the Roscoff area.
Electroporations were performed as previously described (Bertrand et al., 2003) , with a single pulse of 16ms at 50V for Ciona intestinalis and two pulses of 10ms at 40V for Phallusia mammillata. X-gal staining was performed as previously described (Bertrand et al., 2003) . Sequences that drove activity of the LacZ reporter gene in fewer than 10% of electroporated embryos or larvae, or only in the mesenchyme (known to be a tissue displaying ectopic staining for many sequences) were considered inactive. More than 100 embryos were counted for each construct and experiment.
RESULTS AND DISCUSSION
Regions of open chromatin in ascidian early embryos are enriched in cis-regulatory sequences.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  To characterize the cis-regulatory landscapes during early ascidian embryogenesis, we first mapped open chromatin regions using ATAC-seq (Buenrostro et al., 2013) on whole Ciona and Phallusia embryos at the 64-and 112-cell stages and identified regions of open chromatin using the MACS2 peak caller (Zhang et al., 2008) . Comparison of the biological replicas indicated that the process was highly reproducible ( Figure 1B ).
In Ciona, MACS2 identified 24574 (median length 119 bp) and 19397 (median length 189 bp) non-coding ATAC-seq peaks at the 64-and 112-cell stages, respectively, covering 3.32% and 4.38% of the genome sequences. As expected, most (70%) open chromatin regions were located in regions of high (>60%) sequence identity between C. robusta and C. savignyi estimated to have diverged around 120 million years ago (Figure 1A, C) . Conversely, only around 10% of non-coding sequences with more than 60% of identity between C. robusta and C. savignyi overlapped with open chromatin regions during early development ( Figure 1C ). The majority of non-coding conserved sequences may thus correspond to cis-regulatory sequences acting much later during development or in adults. In Phallusia, similarly, MACS2 identified 10632 (median length 219 bp) and 14240 (median length 123 bp) non-coding ATACseq peaks, covering 1.27% and 0.93% of the assembled genome (Brozovic et al., 2016) at the 64-and 112-cell stages, respectively. In both C. robusta and P. mammillata, the GC content of ATAC-seq peaks was higher than that of other non-exonic and exonic sequences ( Figure 1D ), consistent with previous findings on cis-regulatory sequences in other model organisms (Li et al., 2007) .
Thus, as in other animal taxa, open chromatin regions detected by ATAC-seq during early ascidian embryogenesis cover a small part of the non-coding genome, enriched in GC and highly-conserved within the Ciona genus.
Ascidian regulatory genes are surrounded by Clusters of Open cis-Regulatory Elements (COREs).
In vertebrates, open regulatory elements are unevenly distributed along the chromosomes. They show a higher density around developmental regulators, defining Clusters of Open cis-Regulatory Elements (COREs) (Gaulton et al., 2010) , which have been associated to the super-enhancers controlling the expression of genes controlling cell fate decisions (Pott and Lieb, 2015) .
We found likewise that at the 64-and 112-cell stages, non-coding ATAC-seq peaks were unevenly distributed along the genomes of both ascidian species, with clustered peaks separated by regions of much lower density (Figure 2A ). 33% and 65% of Phallusia and Ciona ATAC-seq peaks defined at these stages belonged to 821 and 2099 clusters of at least 5 ATAC-seq peaks within 10kb, respectively. Genes overlapping with or immediately adjacent to such clusters were highly enriched for molecular functions . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  linked to transcription and signalling and for biological processes linked to development, regulation, transcription and signalling ( Figure 2B ). To assess the spatio-temporal dynamics of chromatin accessibility in Phallusia and Ciona, we extended our Phallusia dataset to encompass the 16-cell, 32-cell, 64-cell, 112-cell, mid-gastrula and mid-neurula stages. The Ciona dataset was also extended with mid-gastrula and mid-neurula stage samples. In addition, to estimate the impact of tissue specification on chromatin accessibility landscapes, we collected in both species ATAC-seq data from early gastrula embryos in which the GSK3 kinase had been pharmacologically inhibited from the 8-cell stage, a treatment known to activate the canonical Wnt/ß-catenin signalling pathway, thereby converting most embryonic cells into endoderm (Imai et al., 2000) .
To compare the chromatin accessibility landscapes more quantitatively across conditions and species, and to relate them to patterns of gene expression, we compiled a reference set of around 15000 noncoding, non-overlapping peaks for each species including all peak regions called across all conditions (see methods). Only peaks with a chromatin accessibility score in the top 2/3 of the score distribution in at least one condition were kept. We then associated to each peak its closest coding gene, its position with respect to this gene and the expression pattern of this gene at the 64-cell, early gastrula, mid-neurula and mid tailbud stages (see Tables S1 and Table S2 for Ciona and Phallusia, respectively). All ATAC-seq datasets generated in the frame of this project can be explored through public hubs in the ANISEED Ciona robusta and Phallusia mammillata WashU. Raw reads were deposited in the NCBI Short Read Archive (Bioprojects PRJNA474750 and PRJNA474983).
Temporal dynamics of chromatin accessibility in Phallusia mammillata and its relationship to gene expression.
Starting from this dataset, we first analysed the temporal dynamics of chromatin accessibility between the 64-cell and mid-neurula stages and its relationship to gene expression. Of the reference peaks whose accessibility scores were in the top 2/3 at the mid-neurula or 64-cell stages, approximately 50% showed less than a 2-fold variation in their accessibility between the 64-cell and mid-neurula stages ( Figure 3A ).
These results are in keeping with Drosophila, C. elegans and vertebrates in which a minority of loci show . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  a temporally dynamic chromatin accessibility in embryos (Cusanovich et al., 2018; Daugherty et al., 2017; Hagey et al., 2016; Liu et al., 2018; Preissl et al., 2018; Thomas et al., 2011; Wu et al., 2016) . We note however that approximately 50% of the peaks showed at least a 2-fold temporal variation in the pattern of chromatin accessibility, as exemplified for the Matrilin-related gene ( Figure 3B ).
To address a possible correlation between the temporal dynamics of gene expression and chromatin accessibility in both species, we used published time-courses of RNA-seq expression levels in both species (Brozovic et al., 2018) . We first selected three sets of genes based on their temporal dynamic of expression: a set of genes upregulated at least 10-fold between the 64-cell and mid-tailbud stages; a set of genes not upregulated; and a set of at least 3-fold downregulated genes over this time window. We then computed the temporal evolution of chromatin accessibility of the peaks associated to these genes.
As shown for Phallusia on Figure 3C , 70%, 50% and 33% of upregulated genes between the 64-cell and mid-tailbud stages were associated to peaks with more than a 2-, 5-and 10-fold increased accessibility at the neurula stage. By contrast, only 15%, 5% and 5% of downregulated genes were associated to such peaks.
Conversely, we selected peaks with 5-fold increased accessibility, stable accessibility and 2-fold decreased accessibility between the 64-cell and mid-neurula stages and analysed the temporal dynamics of gene expression of the associated genes. We restricted this analysis to peaks associated to genes with low maternal expression (fpkm<2), as maternal expression can mask the temporal dynamic of zygotic gene expression. In both species, a majority of peaks showing increased accessibility at the mid-neurula stage were associated to genes strongly upregulated between the cleavage and tailbud stages ( Figure 3D ). This was not the case for peaks showing decreased accessibility over time.
We conclude that although only a minority of ATAC-seq peaks show temporal regulation during early embryogenesis, a majority of temporally upregulated genes are associated to peaks with increased local accessibility, while a majority of peaks with increased accessibility over time are associated to upregulated genes. In many cases, the temporal dynamics of chromatin accessibility in the vicinity of a gene can thus be used as a predictor of its temporal expression dynamics.
Relationship between fate specification and chromatin accessibility
To estimate the impact of tissue specification on chromatin accessibility landscapes, we compared the ATAC-seq signals at the early gastrula stage between wild-type embryos and embryos enriched in endodermal precursors following treatment with the CHIR-99021 GSK3 inhibitor from the 8-cell stage.
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The Ciona robusta (formerly Ciona intestinalis type A; Caputi et al., 2007) expression profiles of many genes, including most transcription factors and signalling molecules have previously been characterised by in situ hybridisation (Imai et al., 2006 (Imai et al., , 2004 . To more generally assess the correlation between tissuespecific gene expression and chromatin accessibility, we mined the ANISEED in situ hybridization data for Ciona genes expressed mostly in either epidermal or endodermal precursors during early embryogenesis. This search returned 26 and 23 genes, respectively. Figure 3G illustrates that endodermal genes were predominantly associated to ATAC-seq peaks with increased chromatin accessibility upon CHIR treatment, while conversely epidermal genes were primarily associated to ATAC-seq peaks of decreased accessibility upon GSK3 inhibition. This analysis suggests that fate specification and the dynamics of chromatin accessibility also seem to be strongly correlated during ascidian early embryogenesis.
Conservation of early regulatory gene expression between Ciona robusta and Phallusia mammillata up to the early gastrula stage
While extensive expression datasets are available for Ciona robusta, much fewer data are available for Phallusia mammillata. Using the ANISEED orthology section, we identified the Phallusia mammillata orthologues of the 49 Ciona robusta epidermal and endodermal genes studied in the previous section.
The Ciona endodermal and epidermal gene sets had each 20 1-to-1 orthologs in Phallusia mammillata.
Interestingly, chromatin accessibility landscapes around Phallusia orthologs genes matched the behaviour seen for the Ciona orthologs, suggesting a conservation of chromatin accessibility landscapes despite extensive sequence divergence.
The similarity of the chromatin accessibility profiles in WT and CHIR-treated embryos suggests a conservation of the expression pattern of Phallusia orthologues of Ciona genes. We thus set out to determine by in situ hybridization the spatial and temporal expression patterns up to the early gastrula stage of the Phallusia orthologs of the 1-to-1 orthologues of four known regulators of Ciona endoderm development, Foxa-a, Fgf9/16/20, Lhx3/4 and Nkx2-1/4 (Hudson et al., 2016; Ristoratore et al., 1999; Satou et al., 2001 ) and 5 regulatory genes expressed in endoderm precursors but whose function in endoderm development remains hypothetical, Nodal, Otx, Tolloid, Lefty, and Eph1. This set was completed with the unique Phallusia orthologue of a recently-duplicated Ciona endoderm specifier, Foxd, as the two Ciona paralogs are so similar (96% identity at the nucleotide level) that the published in situ hybridisation profiles may reflect the combined expression of both genes.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  We conclude that the early expression patterns of a majority of our ten test genes are well conserved between Ciona and Phallusia, some of the observed differences possibly reflecting limitations of the colorimetric in situ hybridisation protocol we used. Future work based on single-cell RNA seq in ascidians (Horie et al., 2018; Sharma et al., 2018; Treen et al., 2018; Wang et al., 2017) may be required to discriminate technical issues from bona fide evolutionary changes. In the following sections, we used our extensive ATAC-seq dataset to identify the cis-regulatory sequences driving the conserved expression of these genes and to compare their activity in both species.
Most open chromatin regions have embryonic cis-regulatory activity
To confirm the helpfulness of our ATAC-seq dataset to identify the cis-regulatory sequences driving the expression of the ten ortholog pairs in both species, we first surveyed the chromatin state of known Ciona elements controlling the expression of four of these genes. Figure 5A (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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For each of our test genes, we selected 2 to 7 candidate cis-regulatory regions ranging from 209bp to 1316bp (average 525bp) and located up to 4kb upstream from the transcription start site of the gene, within the 5' UTR, in introns, or immediately downstream of the transcription start site (Figure 6 ). In most cases, selected regions corresponded to a single reference ATAC-seq peak. Candidate distal cisregulatory sequences were cloned upstream of a minimal promoter (Table S3) driving NLS-LacZ, to test for enhancer activity. Sequences located immediately upstream of the transcription start site, often coinciding with the H3K4me3 mark, were cloned upstream of the NLS-LacZ reporter, without exogenous minimal promoter, to test for combined enhancer/promoter activity. LacZ activity was monitored at three stages of development: early gastrula (EG), late gastrula (LG) and larva.
In total, we tested the cis-regulatory activity of 37 Phallusia and 12 Ciona candidate open regulatory regions, as well as 11 Ciona and Phallusia sequences, which were not in an open chromatin state at the 64-and 112-cell stages (Table S4) . As an example, the analysis of the cis-regulatory sequences controlling the Phallusia Nodal gene is presented in Figure 5C percentage of open-chromatin regions with cis-regulatory activity is thus much larger than the one obtained in previous cis-regulatory sequence screens, in which larger (mean 1.7 kb) sequences were chosen at random, irrespective of their chromatin accessibility satus (Harafuji et al., 2002; Keys et al., 2005) .
Interestingly, the timing of onset of activity of an element was related to its position with respect to the transcription start site of the regulated gene. In each of our test genes in both species, an active sequence was located within 500 bp of the transcription start site, identified either by H3K4me3 promoter mark or RNA-seq signal. In at least 15 out of 19 cases, these proximal sequences were active by the early gastrula stage (outlined with a black line on Figure 6 ). By contrast, only one intronic and 5 distal enhancers, out of a total of 21 active intronic, distal or downstream elements tested at the early gastrula stage, had an early onset of activity ( Figure 6 ).
We conclude that, as expected from global analysis, open chromatin regions detected by ATAC-seq in ascidians are strongly enriched for embryonic cis-regulatory elements, confirming that the resource we . 19, 2018; generated should be of general interest to the community. We also found that ascidian elements with early onset of activity are biased towards a proximal position with respect to the transcription start site and behave as promoter/enhancer elements with spatially restricted activity. It will be interesting to survey whether similar positional bias is also observed in the early embryonic enhancers of other animal species.
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Overlapping temporal and spatial enhancer activity contributes to regulatory landscape complexity.
Considering the small number of embryonic territories in ascidian embryos, the cis-regulatory landscape in the vicinity of regulatory genes, marked by the presence of COREs, is surprisingly complex. Recent studies in Drosophila and vertebrates have revealed that regulatory gene expression is frequently controlled by multiple "shadow" cis-regulatory elements with overlapping spatial activities (Barolo, 2012; Cannavò et al., 2016) . This partial redundancy was shown to confer robustness of transcriptional regulation to genetic and environmental variations (Frankel et al., 2010; Perry et al., 2010) . The Ciona genus includes some of the most polymorphic metazoan species known (Leffler et al., 2012) and Phallusia and Ciona both live in shallow coastal environments subject to strong variations in temperature and salinity. Spatially overlapping enhancer activity may thus be beneficial to ascidians and underlie the unexpected complexity of their early cis-regulatory landscapes.
Although a few "shadow" enhancers have been previously identified in Ciona (Farley et al., 2016; Fujiwara and Cañestro, 2018; Matsumoto et al., 2008 Matsumoto et al., , 2007 , the prevalence of enhancers with overlapping activity is unknown. We thus used our collection of active cis-regulatory sequences to investigate the presence of regulatory elements with overlapping patterns of activity in the vicinity of our test gene set.
Of the ten genes, five (Foxa.a, Foxd, FGF9/16/20, Otx and Eph1) were controlled during Phallusia mammillata embryogenesis by 2 or 3 cis-regulatory sequences with partially overlapping spatial activity (Figure 7) , a proportion in keeping with the Drosophila situation (Cannavò et al., 2016) . By the larval stage ( Figure 7A, B (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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These results suggest that ascidian embryos make frequent use of partially overlapping regulatory sequences, or shadow enhancers, to control their regulatory genes, which may contribute to the complexity of the open chromatin landscape we identified.
Gastrula trans-regulatory activity is temporally and spatially conserved across species.
Having extensively characterized the enhancers driving the expression of our ten test genes, we next addressed the evolutionary conservation of their activity between the two species. The evolutionary conservation of gene expression patterns can result from a global conservation of gene regulatory network (GRN) architecture, that is of the combination of transcription factors binding to each cisregulatory sequence operating within the network. This scenario predicts conservation of the activity of the cis-regulatory sequences despite extensive sequence divergence, as observed in insects (Hare et al., 2008) , and in a few Ciona and Phallusia enhancers (Roure et al., 2014) . Alternatively, GRNs can be extensively rewired without major impact on regulatory gene expression (Ciliberti et al., 2007; Tolkin and Christiaen, 2016) . In this scenario, distinct combinations of transcription factors bind to orthologous cis-regulatory sequences causing them to functionally diverge beyond cross-species intelligibility, a situation observed between Molgula and Ciona species Stolfi et al., 2014) or between distantly-related echinoderms (Hinman and Davidson, 2007) .
To determine which of these two scenarios accounts for the conservation of the early expression of our ten test genes, we individually electroporated 14 Phallusia and 3 Ciona early cis-regulatory sequences active by the gastrula stage into the eggs of the other species and compared the activity of these sequences in the two species at the gastrula stage. 12 of these 17 sequences drove the same patterns of LacZ activity in both species, with an additional 2 elements driving very similar activity ( Figure 8A , B) in spite of having diverged beyond alignability between Phallusia and Ciona. Although we cannot formally exclude that conserved activity results from the binding of different transcription factors in the two species, a parsimonious explanation is that the expression patterns and biochemical activity of the TFs driving the activity of these sequences are conserved between Ciona and Phallusia. Substantial changes in the activity patterns of the remaining 3 sequences ( Figure 8B , Eph1Pm02, Lhx3/4Ci01, and OtxPm05) could reflect divergence in the specific trans-regulatory code driving the activity of these elements between the two species. We note, however, that 11/12 tissue differences in activity across the 17 regulatory sequences are due to the detection of additional activity in Ciona ( Figure 8B ). As electroporation in Ciona is more . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
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We conclude that while ascidian trans-regulatory landscapes may diverge significantly between the more divergent Molgula and Ciona ascidian species Stolfi et al., 2014) , early vegetal trans-regulatory landscapes appear to be well conserved between the Phallusia and Ciona species we compared here.
Collinearity of Phallusia and Ciona cis-regulatory landscapes around the FGF9/16/20 and Otx

genes.
The previous section assayed whether the Ciona and Phallusia trans-regulatory codes are sufficiently close to interpret similarly a given enhancer. In this final section, we conversely addressed whether, despite their sequence divergence, orthologous Ciona and Phallusia enhancers drive similar activities in a given species, that is the extent of cis-regulatory conservation.
For this, we first needed to identify orthologous Phallusia and Ciona enhancers, a task made difficult by the non-alignability of intergenic and intronic sequences between these two genera. Previous work in insects suggested that the relative position of enhancers for regulatory genes may be under evolutionary constraint, and may thus guide the identification of orthologous enhancers (Cande et al., 2009 ).
To address whether the global organization of cis-regulatory sequences between the two species was conserved, we analysed the genomic architecture of the 9 genes with 1-to1 orthology relationships between the two species. Global gene structure and intron length of orthologs was conserved but local syntenic relationships were frequently broken. Only two genes have conserved both upstream and (Figure 9B ), suggesting that orthologous enhancers can be identified despite the lack of sequence conservation between the two genera. To test this idea further, we compared the activity of three Phallusia elements to that of known Ciona regulatory sequences ( Figure 9B ). At the early gastrula stage, the activity of the proximal OtxPm01 element was . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  detected in the posterior mesoderm and b6.5 cell pair progeny. That of the distal OtxPm04 element was detected in the endoderm. The other distal element, OtxPm05, was active in most posterior mesendodermal lineages and in the progeny of the b6.5 and a6.5 cell pairs. These activities were consistent with the reported activities of matching ATAC-seq peaks in Ciona (Bertrand et al., 2003) . 
CONCLUSIONS
In this study, we addressed how Ciona and Phallusia species, despite their extremely divergent genomes can undergo almost identical early developments. We established ATAC-seq in both species and showed that open chromatin landscapes obey similar rules as in other metazoa (Figures 1, 2 ): Non-coding open chromatin regions are enriched in GC, highly conserved within each genus, cluster around developmental regulatory genes, mostly transcriptional regulators, and are highly enriched in cis-regulatory sequences.
Our analysis further suggested that the spatio-temporal dynamics of chromatin accessibility in both species correlates with transcription control of the immediate flanking gene with closest 5' end ( Figure   3 ). This publicly-accessible ATAC-seq dataset will be of general interest to the ascidian community.
To go beyond a global analysis of regulatory landscapes, we selected ten early Ciona robusta regulatory genes with early endodermal expression. We identified the Phallusia orthologs and showed that their expression profiles up to the gastrula stages were highly consistent with the Ciona data (Figure 4) . We identified 39 cis-regulatory sequences for these genes, including 17 with activity by the gastrula stage (Figures 5, 6 ).
Thanks to this dataset, we could reveal features of ascidian transcriptional regulation and its evolution.
First, in half of the genes we studied, we found 2 or more enhancers with overlapping spatial activity . CC-BY-NC-ND 4.0 International license It is made available under a (which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.
The copyright holder for this preprint . http://dx.doi.org/10.1101/371005 doi: bioRxiv preprint first posted online Jul. 19, 2018;  ( Figure 7 ). This suggests that ascidians make frequent use of shadow enhancers with partially overlapping activity. Given the proposed function of shadow enhancers in ensuring developmental robustness to environmental and genetic stress (Frankel et al., 2010; Perry et al., 2010) , it is not surprising that ascidians, which cope with intense environmental variations and a high level of polymorphism, would use this mechanism. The pervasive use of shadow enhancers in the control of regulatory genes may also contribute to the clustering of open chromatin regions in the vicinity of these genes.
Second, both the cross-genera conservation of the expression patterns of the transcriptional regulators we studied and the similar activity of individual early cis-regulatory elements in cross-species electroporation assays (Figure 8 ) argue for a conservation of trans-regulatory information between Ciona and Phallusia, that is a conservation of the combination of transcription factors active in individual embryonic cells. Our results imply that the ascidian cis-regulatory code is sufficiently flexible to allow extensive, phenotypically neutral, non-coding sequence divergence within Phlebobranchia, thereby limiting the need for compensatory trans-regulatory mutations causing Developmental System Drift (True and Haag, 2001 ). This contrasts with the divergence of trans-regulatory information between Ciona and the more divergent stolidobranchia Molgula Stolfi et al., 2014) .
Finally, we presented evidence that cis-regulatory landscapes can be conserved despite extensive sequence divergence (Figure 9 ). We described that the overall organisation of open chromatin regions at the Otx and FGF9/16/20 loci is conserved between genera, despite the loss of non-coding sequence alignability. Analysis of the cis-regulatory activity of individual open-chromatin regions from both species around Otx, revealed that this conserved organization reflects the presence of orthologous enhancers whose activity, though overall conserved, can slightly diverge. The cis-regulatory redundancy ensured by the presence of enhancers with overlapping activity may facilitate this divergence, as the case of divergence we observed involved a posterior endoderm activity redundantly found in two other enhancers at the same locus. The availability of our embryonic ATAC-seq dataset will allow testing on larger datasets whether the evolutionary shuffling of individual redundant regulatory activities between enhancers at a given locus is a general feature of ascidians transcriptional regulation.
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